I. INTRODUCTION
W ATER disasters are a serious threat to coal mine safety and production, and underground driving roadways are the most common locations where water inrush occurs [1] . Water inrush can result in severe economic losses and casualties. To ensure safe mining, in [2] , a complete mine safety system using a wireless sensor network was developed. Mine water generally has the characteristics of high mineralization and low resistivity, thus the resistivity of water-bearing structures in mines is lower than that of normal formations. As a result of this, geophysical methods are used to detect water-bearing structures in the mines. In [3] and [4] , the electrical anisotropic response of water conducted fractured zone of the mining goaf was studied. With an increase in the mining depth, underground detection has more advantages than the ground. Transient electromagnetic method (TEM), which has the advantages of high sensitivity to low-resistance bodies and can be easily constructed [5] - [9] , is one of the primary methods for detecting water-bearing structures down in the mines.
The transmission and reception of traditional TEM is carried out on the ground, and the detected geological anomalies are all located under the ground; its measurement signals are mainly vertical components. In this paper, TEM is used to detect hidden water-abundant areas in coal mines. When transmission and reception are conducted in the underground roadway of the coal mine, the targeted body can be located in the roadway floor strata, in front of the roadway or in the roof strata, thus increasing the difficulty of the data interpretation. To solve these problems, in this paper, the multicomponent responses of whole-space TEM were studied. We found that the horizontal component was more sensitive to the position of the anomalous body. Thus, the joint interpretation of the vertical and horizontal components can locate the water-abundant areas more accurately.
Against the above background, the contributions of this paper can be summarized as follows: 1) the finite-difference timedomain (FDTD) numerical simulation and physical simulation methods were used to simulate the vertical and horizontal component responses of the whole-space TEM. The results obtained from the two methods were basically consistent, indicating that the horizontal component is indeed more sensitive to the position of anomalous bodies underground the coal mine. 2) Joint interpretation of the vertical and horizontal components were proposed by analyzing the law of multicomponent responses, which could result in accurately locating water-abundant areas underground the coal mine.
The FDTD method is one of the main methods used in the numerical modeling of electromagnetic fields [10] . In order to realize the numerical modeling of the transient electromagnetic field by FDTD, [11] modified the magnetic field curvature equation under quasi-static conditions. Currently, studies on TEM theories and applications are mainly based on the vertical magnetic-field component in half-space, and TEM data processing and inversion are only based on the vertical component [12] , [13] . However, the horizontal component can also reflect some information on anomalous bodies, and joint interpretation with both the horizontal and vertical components can improve the precision of data interpretation. Some new techniques can also be applied to signal extraction and inversion of multicomponent in the future [14] , [15] . In the multicomponent study of TEM, [16] calculated the responses of both the vertical and the horizontal components from a conductive plate in half-space, and analyzed the different components' abilities of reflecting the anomalous body. Using the FDTD method, in [17] , the vertical component and horizontal component responses of a three-dimensional (3-D) conductor at a fault contact in half space was studied. In [18] , numerical modeling and physical experiments on transient electromagnetic multicomponent responses with the aim of unexploded ordnance detection was carried out. By replacing the eddy current with eigencurrent, Xi et al. [19] calculated the responses of three directions from the thin plate conductor in half-space with various dip angles. All the above studies were carried out in half-space; however, responses of TEM down the coal mines are whole-space responses, and would be influenced by the whole space. Thus, the multicomponent responses of whole-space TEM in coal mines are studied here.
Both the transmission and reception of TEM down in the coal mine were performed in an underground roadway, thus only small loop devices with a length of less than 3 m could be used. Small loop devices can be readily rotated, and are convenient for receiving components in various directions. Multicomponent responses of goaf water ahead of the roadway head in coal mines were numerically modeled by using the 3-D FDTD. The simulation results, together with the experimental results were then used to derive the characteristics of the multicomponent responses and further propose the multicomponent interpreting method for mine transient electromagnetic method. Practical applications in underground detection showed that the horizontal component could serve as a new approach to underground TEM data processing and interpretation.
II. FDTD FOR TRANSIENT ELECTROMAGNETIC FIELD

A. Governing Equations
In isotropic media, Maxwell's equations can be written as [10] :
where E is the electric field intensity, B is the magnetic induction intensity, H is the magnetic field intensity, D is the electric displacement vector, μ is the permeability, and ε is the permittivity. In [10] , the FDTD method for electromagnetic field calculation was developed, and used the grid as shown in Fig 1. In the Yee grid, the magnetic-field components are placed in the center of the faces, and the electric-field components are placed in the middle of the edges. This pattern can guarantee that continuity conditions of the field components on the discontinuous surface are naturally met, which is convenient for computing complex structures. When directly using the 3-D difference scheme [see (1) and (2) ] to iterate, the following stability condition should be met [10] ,
where Δ min is the minimum grid spacing, ε is the vacuum permittivity, and μ is the vacuum permeability. Assuming the grid is a 1 m 3 cube, the maximum time step is 1.9254 × 10 −9 s, and it needs at least 519 378 iterations to compute the responses in the time domain of 1 ms. This would consume a lot of time and could hardly be achieved on ordinary computers.
The working frequency of TEM is generally below 10 6 Hz; for the ground medium, the displacement current is much smaller than the conduction current, so the displacement current can be ignored, that is, quasi-static approximation is performed. Under quasi-static conditions, Maxwell's equations in sourcefree, lossy, nonmagnetic media can be written as [20] :
where σ is the conductivity of the medium, J is the conduction current density. Because displacement current is ignored, (7) does not contain the time derivative term of the electric field, and the explicit scheme required by FDTD cannot be formed. For the needs of FDTD calculation, [11] turned (7) to
where the first term on the left is the fictitious displacement current, which allows us a large time step in computing late-time electromagnetic field and the calculation accuracy is unaffected. After introducing the fictitious displacement current, the explicit difference scheme of (10) can be written as [11] :
Equation (8) indicates that only two of the three components of the magnetic induction intensity are independent. In numerical calculations of the electromagnetic fields, electromagnetic fields in the late time are mainly low-frequency fields. Thus, the explicit expression of (8) has to be included in the iteration, or else the results would be incorrect. When computing magnetic fields, Wang and Hohmann [11] first calculated the two magnetic-field components by using (6) , and then calculated the other components using (8) . The specific equations are as follows [11] :
B z value of a layer of grid units needs to be known when applying (16) . In [11] , the B z value of the bottom boundary layer was set as 0, thereafter the B z values of all the layers from the bottom to top were calculated. Equation (6) was first used in [9] to calculate the B z value of the middle layer (z = 0) in The equations above are only applicable for a sourcefree region, and the following equation should be applied for electric fields in the region where the source is located [21] :
where J s is the source current density. By using the difference method to (17) , the difference equations for the electric fields in the source region can be obtained [21] . The calculation method for the magnetic fields in the source region is the same as that for the magnetic fields in the source-free region.
B. Boundary Conditions
Appropriate boundary conditions should be applied to the six truncating boundaries of the whole-space model. Convolutional perfectly matched layer (CPML) not only has the features of PML absorbing boundary, but can also effectively absorb low-frequency fields [22] , [23] . The CPML boundary conditions were used in this study to solve the whole-space transient electromagnetic problem.
C. Verification of the Method
In this study, the difference equations under quasi-static conditions are used for numerical simulation. In order to verify the reliability of the method, the quasi-static results are compared with the results of the direct Yee algorithm, Fig. 3 shows the comparative result of the induced electromotive force. Both the transmitting and receiving loops are 2 m × 2 m and the transmitting waveform is a trapezoidal wave. It can be seen from Fig. 3 that the results under quasi-static condition agree with the results of the direct Yee algorithm, which shows that the quasistatic handling method combined with fictitious displacement current can calculation time and more importantly, the accuracy of the solution is not affected. 
III. RESULTS OF NUMERICAL MODELING
A. Horizontal Component Responses of Goaf Water Right Ahead of the Roadway Head
Water in goaf is a common source of water inrush in the underground driving roadway. By taking the water-filled goaf as an example, multicomponent responses in whole-space were studied using TEM. Based on the geological data of the coalbearing strata in various mining areas, a 3-D whole-space model of the coal-bearing strata was established. In the model, roof resistivity and floor resistivity were set as 100 and 150 Ω·m, respectiveely. Resistivity of coal seam was set as 400 Ω·m, and the thickness of the coal seam was set at 10 m, as shown in Fig. 4 . The underground observation mode for the components is shown in Fig. 5 . The transmitting and receiving loops were located at the underground roadway head. The number of turns of the transmitting loop was 40, and that of the receiving loop was 60. Both horizontal and vertical components were observed and measured while transmitting. The receiving loop coinciding with the transmitting loop would receive the vertical component, while the receiving loop perpendicular with the transmitting loop would receive the horizontal component.
A 3-D low-resistance body, which was used to represent the water-filled goaf, was set right ahead of the roadway head. The length of each side of the low-resistance body was 30 m, and its resistivity was set as 0.5 Ω·m. The plan view of the model is shown in Fig. 6 . Measuring points around the roadway head were arranged at various angles and in the manner of a sector, and the transmitting loop and receiving loops were rotated simultaneously. Transmission directions are shown in Fig. 6 , in which the indicated direction is normal to the transmitting loop. The transmitting waveform is a trapezoidal wave. The duration of the trapezoidal wave is 8 ms and the rising and falling edges are 1 μs. The time step in the rising and falling edges is 1ns, at other times the time step gradually increased. Fig. 7 shows the response curves of the horizontal component obtained through forward modeling at left side 45°(measuring point No. 4), left side 60°(measuring point No. 5), and left side 75°(measuring point No. 6), respectively. In the figure, the vertical coordinate represents normalized induced electromotive force; the solid line represents positive value, while the dotted line represents negative value. As can be seen from the figure, the response curves corresponding to different detection angles have the same pattern; namely, the induced electromotive force in all three cases was negative at the beginning, then turned positive, and after a while, changed back to negative and decreased with time. However, the response amplitude varied obviously among the different detection directions; the maximum amplitude was observed at left side 45°, and the minimum amplitude was observed at left side 75°. The reason for this difference is that horizontal component reflects the degree of asymmetry of the media on left and right sides of the transmitting loop. When the detection direction was at 90°(measuring point No. 7), the media on left and right sides of the transmitting loop were perfectly symmetrical and the horizontal component was 0. Fig. 8 shows the multichannel profiles obtained through forward modeling, and Fig. 8(a) and (b) shows the results of the vertical and horizontal component, respectively. In the figures, the horizontal coordinate represents measuring points, and the vertical coordinate represents normalized induced electromotive force. The 13 measuring points correspond to the detection directions of left side 0°, left side 15°, and right side 0°successively. In Fig. 8(a) , all the profile curves at different times indicate single-peak anomalies, with the strongest anomalous response occurring at measuring point No. 7 (at 90°), which was located right ahead of the roadway head. Fig. 8(b) shows that the horizontal component was negative at left side angles, while the component was positive at right side angles. The negative maximum and positive maximum were observed at measuring point No. 4 and No. 10, respectively, and the response was 0 at the point right ahead of the roadway head [i.e., measuring point No. 7 in Fig. 8(b) ]. The reason for the 0 point is that, when the transmitting direction was along the roadway, the media on both sides of the transmitting loop were perfectly symmetrical and their horizontal responses cancelled each other out. With the transmitting direction changing from 90°to the right side angles, the horizontal component increased gradually, reaching to the maximum at measuring point= No. 10 (right side 45°), and then decreased gradually. As can be seen from Fig. 8(b) , responses at left side and right side were opposite in sign but identical in amplitude. The results of the vertical component and the horizontal component, as shown in Fig. 8 , indicate that the horizontal component was more sensitive to the location of the anomalous body and thus is better for determining the direction of anomalous bodies.
B. Horizontal Component Responses of Goaf Water on One Side of the Roadway Head
In actual underground detection, the water-bearing area may exist anywhere in front of the roadway head. Responses of goaf water on the right side of the roadway head were calculated in this study. Fig. 9 shows the plan view of the model. Fig. 10 shows the multichannel profiles obtained through forward modeling of the model shown in Fig. 9 , and Fig. 10(a) and (b) shows the results of vertical component and horizontal component, respectively. In Fig. 10(a) , the maximum of all the profile curves at different times occurred at measuring point No. 10 (right side 45°), indicating the orientation of the goaf water correctly. In Fig. 10(b) , each of the horizontal component curves has two zero points, which correspond to the measuring point No. 4 (left side 45°) and No. 10 (right side 45°), respectively. The detection direction at the measuring point No. 10 was identical to the direction of the goaf water; when detecting at this angle, the media on both sides of the transmitting loop were perfectly symmetrical and the horizontal component of the responses was 0. At measuring point No. 4, the curves in Fig. 10(a) reaches the lowest and the transmitting direction was completely orthogonal to the direction of the goaf water; the influence of the anomalous body on the responses was minimal, and thus both the vertical and horizontal components were weak. By comparing Fig. 10(b) with Fig. 8(b) , it can be seen that changes in the pattern of the curves are consistent with changes in the location of the anomalous body, thus the horizontal component can serve as a new means of locating anomalous bodies.
IV. SIMILARITY CRITERIA FOR PHYSICAL SIMULATION
Physical simulation is important in TEM studies, and the results from physical simulation can be used to verify numerical modeling results. Physical simulation refers to the method of using a scale model in the laboratory to simulate a field system. The similarity criteria for physical simulation in the time-domain electromagnetic method are as follows [24] :
where σ 1 and σ are the conductivity of the model system and field system, respectively, m and n are the characteristic length (or linearity) of the field system and model system, respectively, t 1 and t are the time parameters of the model system and field system respectively, and P = m/n is the scale factor. In TEM, the observed secondary induced voltage, V (t), is in proportion to the transmitting current, I, linear scale of the system, and 1/t, thus it is necessary to include the condition defining the relation between the observed voltage of the two systems. Assume that the transmitting loop in the model system is a square loop, whose side length and number of turns are L 1 and N T 1 , respectively. The receiving loops in the model system are square loops, whose side length and number of turns are l 1 and N R 1 , respectively. The transmitting loop in the field system is a square loop, whose side length and number of turns are L and N T , respectively. The receiving loops in the field system are square loops, whose side length and number of turns are l and N R , respectively. We then obtain the following as [24] :
Equation (20) is the required additional criterion. Through this equation, the proportional factors between the observed data of the two systems can be obtained.
V. RESULTS OF PHYSICAL SIMULATION
The Terra TEM instrument (Australia) was used for the experiment. Both the transmitting and receiving loops were square loops with side lengths 10 cm. The number of turns of the transmitting loop was 40, and that of the receiving loop was 60. Air was used as the whole-space uniform medium, and a copper rod, which was 30 cm in length and 10 cm in diameter, was used as the anomalous body. The scale factor was 100. The physical models are shown in Fig. 11 . The anomalous body was located right ahead of the roadway head, corresponding to the anomalous body 1 in Fig. 11(a) ; the anomalous body was located on the right side of the roadway head, corresponding to the anomalous body 2 in Fig. 11(b) . In the simulation, the sectorial manner at an interval of 15°from left to right was used to detect the anomalous body, and the observation mode was same as the mode shown in Fig. 5 . Fig. 12 shows the results from the simulation of model in Fig. 11(a) . The 13 measuring points correspond to the 13 detection directions shown in Fig. 11(a) , respectively. In Fig. 12(a) , the vertical component reached the maximum at measuring point No. 7, where the detection direction pointed to the central position of the anomalous body, indicating a low-resistance anomalous response. In Fig. 12(b) , the horizontal component reached 0 at the measuring point No. 7 (90°). The reason for the 0 point is that the media on the left and right sides of the transmitting loop were perfectly symmetrical about the detection direction and their horizontal responses cancelled each other out. This is consistent with the numerical modeling results. The minimum and maximum peak values were observed, respectively, at measuring point No. 5 and No. 9. When the detection direction turned further to the left side and right side, the amplitude of the horizontal component increased somewhat, and reached the maximum at the left side 0°and the right side 0°. The horizontal component became bigger at 0°and 15°on both the left and right sides because one side of the transmitting loop got closer to the anomalous body when detecting the side areas in the physical simulation. Fig. 13 shows the results from the simulation of the model in Fig. 11(b) . In Fig. 13(a) , the vertical component was higher when detecting on the right side, indicating a low-resistance anomalous response, and this is consistent with the numerical modeling results. In Fig. 13(b) , the horizontal component reached 0 between the measuring point No. 9 and No. 10, correctly indicating the position of the anomalous body, and this is consistent with the numerical modeling results. It can be concluded from the above numerical modeling and physical simulation that the horizontal component was more sensitive to the location of the anomalous body and can serve as a new means of locating anomalous bodies. Also, the joint interpretation with both the horizontal and the vertical components would be better for determining the direction of anomalous bodies.
VI. PRACTICAL APPLICATION
To verify the actual effect of the multicomponent interpretation in interpreting the underground TEM data, multicomponent advanced detection experiments were carried out in the head entry of the 103 panel of a coal mine in Huaibei, China. The exposed formations of the mine (partially) include a quaternary system, an Oligocene system, and a Shanxi formation of Permian system from top to bottom. An Archaean era limestone aquifer underlies the bottom of the shaft. The formation is 133.88 m in total thickness and contains 13 layers of limestone with a thickness of 71.10 m, accounting for 53% of the Taiyuan formation. A single layer of limestone is about 0.60∼15.88 m in thickness, and the third, fourth, fifth, and thirteenth layers are thicker. Water in the mine is mainly fracture water, and the hydro geological condition belongs to the medium type. Fig. 14 shows the plan of the head entry of the 103 panel. Advanced detection was carried out in the roadway head to find out the water enrichment situation in the formation ahead. The Terra TEM instrument and 2 m × 2 m small multiturn loops were used. Fig. 15 shows the TEM multicomponent advanced detection results. As can be seen from Fig. 15(a that the anomalous body was located on the right side; the horizontal component was also more sensitive to the location of the anomalous body than the vertical component. Combining the horizontal component and vertical component results together can result in identifying the location of anomalous bodies more accurately. By combining the above detection results with hydro geological data, the comprehensive analysis indicated that there was a water-filled fractured zone on the right-front side of the roadway, and the central position of the fractured zone was located at about 15°on the right side of the roadway head and inclined to the right. Personnel related to the coal mine tested the prediction through drilling, and proved that the indicated place was indeed a water-abundant area. Therefore, the results of the TEM multicomponent detection were verified.
VII. CONCLUSION
Using the 3-D FDTD method, whole-space multicomponent TEM responses were numerically modeled. Physical simulation was carried out based on the sectorial arrangement of measuring points for transient electromagnetic advanced detection, and the following characteristics of the whole-space multicomponent TEM responses were obtained.
1) The vertical component reflects the amplitude of the anomalous responses, while the horizontal component mainly reflects the asymmetry between the media on the left and right sides and thus is more sensitive to the location of anomalous bodies. 2) The joint interpretation method of the vertical component and horizontal component was proposed by analyzing the law of the multicomponent responses. Practical coalmine application indicated that comprehensive analysis of both the horizontal and vertical component could result in more accurate location and range identification of water-rich areas. The horizontal component could serve as a new approach to coalmine TEM data processing and interpretation.
